Abstract Third harmonic ion cyclotron resonance heating of 4 He beam ions has produced for the first time on the JET tokamak high-energy populations of 4 He ions to simulate the 3.5 MeV fusionborn alpha particles. The acceleration of 4 He beam ions to the MeV energy range is confirmed by gamma ray emission from the reaction 9 Be(α,nγ) 12 C and excitation of Alfvén eigenmodes and is consistent with the observed effective heating of the background electrons and sawtooth stabilisation by energetic ions. In these experiments the regime where the plasma heating is dominantly provided by energetic 4 He ions is accessed for the first time. The adopted scheme could be used in next-step tokamak reactors in order to gain information on trapped alpha particles and to test alpha particle diagnostics in the early non-activated phase of operation. In magnetic fusion based on the reaction D + T → 4 He (3.5 MeV) + n (14 MeV), the reactivity of deuterium-tritium (DT) plasma has to be sustained by heating provided by fusion-born alpha particles (i.e. 4 He ions) with a birth energy of 3.5 MeV. The development of the magnetic fusion concept requires a thorough investigation of alpha-particle production, heating and transport in order to predict with confidence the alpha-particle behavior in a reactor. Behavior of alpha particles has previously been studied on the 
production was developed during recent experiments in 4 He plasmas on JET. These ICRH experiments were carried out at a magnetic field B of 2.2 T with the 3rd harmonic 4 He ion cyclotron resonance, ω≈3ω c ( 4 He), in the plasma centre. This scheme is unique in its suitability for accelerating 4 He ions as compared with other candidate scenarios. For example, the ω≈ω c ( 4 He) scenario is not suitable for this purpose since the wave electric field component E + giving rise to absorption becomes small at the resonance in a 4 He plasma, while for ω≈2ω c ( 4 He) and ω≈4ω c ( 4 He) strong central absorption takes place by low-concentration residual hydrogen present in the vessel.
Furthermore, at higher harmonics multiple resonances exist in the plasma, which complicates the analysis of the experiments. The choice of ω≈3ω c ( 4 He) was supported by earlier observations of 3rd
harmonic ICRH acceleration of deuterons in D plasmas [12] [13] [14] . Up to 8 MW of ICRH power, P ICRH , was applied at a frequency f = ω/(2π) of 51 MHz using waves with a symmetric toroidal mode number spectrum.
For a high-harmonic ICRH scheme such as ω≈3ω c ( 4 He), ICRH absorption at the ion cyclotron resonance is a finite Larmor radius effect. Thus, the wave absorption by the resonating ions increases with the ratio of the ion Larmor radius, ρ=v ⊥ /ω ci , to the perpendicular wavelength of the fast wave until a maximum is reached which typically occurs at ion energies in the MeV range.
Here, v ⊥ is the ion velocity component in the direction perpendicular to B. In order to ensure significant 3rd harmonic absorption, 4 He neutral beam injection (NBI) with energy E b in the range of 70-120 keV and ρ in the range of 1.4-2.2 cm were added to ICRH. NBI was applied before ICRH to provide a steady beam ion population with which the ICRH waves can interact. A relatively low NBI power (typically P NBI < 2.2 MW) was used in order to seed 4 He ions with high ρ for effective acceleration to high energies. P NBI was stepped down typically 1. Information on confined 4 He ions was obtained with a gamma-ray spectrometer. Gamma-ray energy spectra were recorded in the energy range 1-28 MeV by a calibrated bismuth germanate scintillation detector, located in a well-shielded bunker viewing the plasma tangentially at about 30 cm below the plasma magnetic axis. Figure 2 shows the gamma-ray spectra recorded during discharges in Fig. 1 . The peaks at a gamma ray energy of 4.44 MeV are associated with gamma ray emission from the reaction 9 Be(α,nγ) 12 C between ICRH-accelerated 4 He ions and beryllium impurity ions typically present in JET plasmas. While this reaction has been proposed earlier as a diagnostic for fusionborn alpha particles [15] , the present experiments are the first to demonstrate its feasibility for this purpose. Due to the dependence of its cross-section on the alpha-particle energy E α (i.e. a resonance at E α ≈2 MeV and a number of resonances at E α ≥4 MeV), this reaction is a sensitive measure of the high-energy part of the alpha-particle distribution.
The spectra in Fig. 2 have been analysed with the GAMMOD code [16] , based on experimental data for gamma reactions, calculated response functions for the gamma spectrometer and a 9 Be/ 12 C impurity density ratio of about 1.5% (which is in the range suggested by visible, VUV and XUV spectroscopy for this ratio). The GAMMOD analysis shows that when E b was increased from 70 to 120 keV, the number of alpha particles with E ≥ 2 MeV increased. Without beams, no fast 4 He ions are observed in the gamma ray spectrum.
Further evidence for the alpha tail production comes from multiple toroidal and elliptical Alfvén eigenmodes (TAEs and EAEs) detected with magnetic pick-up coils in the frequency ranges of 150-200 and 370-420 kHz, respectively, in discharge with 120 keV beams (Fig. 3) . No significant adverse effects of AEs on the plasma confinement have been observed. Earlier, AEs have been found [17, 18] to be a good indicator of the presence of high-energy ions with velocities comparable to the Alfvén speed v A in the plasma. Since in 4 He plasmas studied here, v A for a given electron density is about 10% higher and the thermal ion Landau damping is, owing to a larger ratio of v A /v Ti , smaller than in 50:50 DT plasmas, AEs are excited more easily by energetic 4 He ions in these 4 He plasmas than in DT plasmas. The modes in Fig. 3 have amplitudes at the plasma edge up to The T e trace in Fig. 1 shows that sawteeth are more stabilised in discharge with 120 keV beams accelerated with ICRH. The sawtooth period τ saw as a function of the fast ion energy W fast is shown in Fig. 4a 4 He ions on the internal n=1 kink mode [19] . Sawteeth with longest τ saw trigger magnetic perturbations with toroidal n and poloidal m mode numbers equal to n=2, m=3 or n=3, m=4. These modes typically exist for 1-2 s after sawtooth crashes, during which they decrease the plasma performance (cf. W DIA in Fig. 1 ).
The ECE T e (r/a≈0.25) also increases with W fast (Fig. 4b) , indicating effective power transfer from fast 4 He to electrons. As T e (r/a≈0.25) increases from about 3.6 to 5.4 keV, the ion temperature measured with an X-ray crystal spectrometer around the same radial location increases from 2.4 to 2.9 keV. Thus, electron heating is the dominating heating process, as expected.
For alpha-particle physics studies, the presence of fast ions other than 4 He ions is undesirable. Two different types of fast ions other than 4 He could potentially exist in the present experiments: residual 7 deuterons accelerated via the ω≈3ω cD resonance which coincides with the ω≈3ω c ( 4 He) resonance.
The thermal deuterium concentration, D/ 4 He at the plasma edge, as deduced from visible spectroscopy, was about 25%.
The high-energy Neutral Particle Analyser (NPA) [20] was used to assess the presence of fast 3 He ions. No significant populations of fast 3 He ions were observed in the energy range of 0.3-1.1 MeV.
No fast 3 He was detected with gamma spectrometry either.
The presence of fast deuterons was detected with the gamma spectrometer and the high-energy NPA. However, the neutron yield R NT , which is mainly (up to 90%) due to reactions between fast and thermal deuterons, starts to increase in time significantly later than W DIA and T e at the application of ICRH (cf. Fig. 1 ). Furthermore, EAEs in Fig. 3 appear at t = 19.9 s and thus before any significant increase in R NT and hence before the formation of the fast deuteron population.
Thus, the available data indicate that these modes are indeed driven by fast 4 He ions.
The gamma-ray spectra in Fig. 2 shows that the deuteron tails give rise to emission mainly through the reaction 12 C(d,pγ) 13 C with the carbon impurity. However, the fast 4 He density is, according to GAMMOD analysis, about 16 and 25 times higher than that of fast deuterons with 70 and 120 keV beams, respectively. We conclude that the main contribution to W fast is not from D but from fast 4 He ions. The measured stronger 4 He tails are consistent with modelling with the PION code [12] .
According to PION, 4 He damping dominates, and deuteron absorption < 1 MW is sufficient to give rise to the measured neutron rates.
To summarise, experiments have been carried out on the JET tokamak in 4 He plasmas with ICRH added to 4 He NBI at the third harmonic 4 He ion cyclotron resonance to explore for the first time quasi-steady-state plasmas with significant heating by fast 4 He ions. Fast 4 He ions have been observed using the reaction 9 Be(α,nγ) 12 C, thus demonstrating the feasibility of this reaction for diagnosing fast 4 He ions, and contribute up to 30±10% of the total plasma diamagnetic energy. The effects of fast 4 
